Abstract Skin tumor susceptibility 5 (Skts5) was previously mapped to mouse chromosome 12 through linkage analysis of skin tumor susceptible Mus musculus (NIH/Ola-S) and skin tumor resistant outbred Mus spretus (SPRET/ Out-R) mice. Hdac9 was identified as a potential candidate for Skts5 based on conserved non-synonymous sequence variants and expression analyses. Studies by others identified an enhancer in human HDAC9 that correlated with TWIST1 expression. We identified 45 sequence variants between NIH/Ola-S and SPRET/Out-R mice from the orthologous region of the human HDAC9 enhancer. Variants mapping to intron 18 differentially affected luciferase expression in vitro. NIH/Ola-S clones showed an approximate 1.7-fold increased luciferase expression relative to vector alone or the equivalent clones from SPRET/Out-R-R. Furthermore, cells transfected with a portion of the NIH/ Ola-S intron induced 2.2-fold increases in Twist1 expression, but the same region from SPRET/Out-R mice resulted in no up-regulation of Twist1. In silico transcription factor analyses identified multiple transcription factors predicted to differentially bind NIH/Ola-S and SPRET/Out-R polymorphic sites. Chromatin immunoprecipitation studies of two transcription factors, Gata3 and Oct1, demonstrated differential binding between NIH/Ola-S and SPRET/Out-R plasmids that corroborated the in silico predictions. Together these studies provide evidence that the murine orthologous region to a human HDAC9 enhancer also acts as a transcriptional enhancer for mouse Twist1. As ectopic sequence variants between NIH/Ola-S and SPRET/Out-R differentially impacted luciferase expression, correlated with Twist1 expression in vitro, and affected Gata3 and Oct1 binding, these variants may explain part of the observed differences in skin tumor susceptibility at Skts5 between NIH/Ola-S and SPRET/Out-R.
Introduction
Mus spretus mice are highly resistant to chemically induced skin cancer whereas Mus musculus mice are highly susceptible (Nagase et al. 1995) . More than 15 skin cancer susceptibility loci have been mapped using these and other mouse strains that differ in susceptibility to skin (Nagase et al. 1995; Angel et al. 2003; Ewart-Toland et al. 2003; Fujiwara et al. 2007; Mahler et al. 2008; Fujiwara et al. 2010; Okumura et al. 2012 ). One such locus, skin tumor susceptibility 5 (Skts5) that maps to mouse chromosome 12, was identified in linkage analyses of NIH/Ola-S 9 outbred M. spretus (SPRET/Out-R) backcross mice [(SPRET/Out-R 9 NIH/Ola-S) 9 NIH-Ola-S]. In subsequent studies, we refined the peak linkage region of Skts5 to approximately 14 Mb; GRCm38/ mm10) (Mahler et al. 2008) . To identify candidate genes for Electronic supplementary material The online version of this article (doi:10.1007/s00335-015-9618-3) contains supplementary material, which is available to authorized users.
Skts5, we performed extensive sequence analysis of all named genes mapping to Skts5 and expression studies of genes mapping to this region by both RNA-seq and qPCR analyses of normal skin RNA from the strains of mice used for the linkage analyses (Mahler et al. 2008; Skeeles et al. 2013) . A number of potential candidate genes for Skts5 were identified by sequence and expression differences between SPRET/Out-R and NIH/Ola-S mice; however, as recent genome-wide association studies (GWAS) are demonstrating, a large proportion of genetic variants conferring susceptibility to disease reside in noncoding regions that are predicted to be regulatory and include promoters, enhancers, and noncoding RNAs (Maurano et al. 2012) . Similarly, many disease-associated regions have been found to house expression quantitative trait loci (Nica et al. 2010) . Thus, from the data emerging from human studies, variants in enhancers or other regulatory element should also be considered.
A study searching for exonic enhancers identified an enhancer in the human HDAC9 gene spanning exons 18-19 that is correlated with Twist1 expression in the limbs of mice carrying the transgene (Birnbaum et al. 2012) . HDAC9 is a class II histone deacetylase that represses gene transcription through deacetylation of histones H3 and H4. HDAC9 has been implicated in cancer and is expressed in the hair follicle (Brockschmidt et al. 2011; Parra 2015) . In the mouse, both Hdac9 (XM_006515263.1) and Twist1 (NM_011658.2) map to the peak region of linkage for Skts5 (Mahler et al. 2008 ). Twist1 is a transcription factor with a basic helix-loop-helix domain that homo-or heterodimerizes with partners to act as either a transcriptional activator or repressor (Qin et al. 2012) . It has a documented role in metastasis of melanoma and basal cell carcinoma (Majima et al. 2012; Weiss et al. 2012) . In humans, TWIST1 has been shown to suppress apoptosis, override senescence, induce angiogenesis, and increase cancer stem cell populations (Maestro et al. 1999; Mironchik et al. 2005; Ansieau et al. 2008; Mani et al. 2008) . In a 7,12-dimethylbenz [a] anthracene (DMBA) and 12-O-tetradecanoylphorbol-13-acetate (TPA) mouse skin cancer model, inducible Twist1 expression led to a higher conversion rate of papilloma to invasive squamous cell carcinoma (SCC) (Tsai et al. 2012) . Conversely, a keratinocytespecific knock-out of Twist1 protects mice from SCC (Srivastava et al. 2015) . From these studies, we hypothesized that Twist1 was a strong candidate gene for the skin cancer susceptibility locus Skts5, and that there might be strain-specific differences in the region containing the enhancer between NIH/Ola-S and SPRET/Out-R mice that could impact susceptibility to skin cancer through regulation of Twist1.
To test this hypothesis, we conducted sequence analysis of the exons and intron sequences near the described enhancer and evaluated variants for effects on expression in vitro. Here, we describe our finding that variants in Hdac9 which correlate with expression of Twist1 could be important in the skin cancer susceptibility differences observed in these mice.
Materials and methods

Sequencing
Tails from NIH/Ola-S mice were provided by Dr. Allan Balmain and tails from SPRET/Out-R mice were provided by Hiroki Nagase as approved by the University of California, San Francisco Institutional Animal Care and Use Committee. DNA was isolated from tails using standard methods (Laird et al. 1991) . Intronic and exonic sequences of the Hdac9 gene orthologous to the published enhancer region in human were identified using the UCSC database build GRCm38/mm10. We designed PCR primers using Integrated DNA Technology's SciTools PrimerQuest webbased program (Coralville, IA). Genomic tail DNA was amplified using Qiagen's Taq polymerase kit, according to the manufacturer's protocol (Valencia, CA). Amplified products were analyzed by gel electrophoresis to confirm product size and quality. PCR products were treated with Exo/SAP-IT (USB; Cleveland, OH) to remove singlestranded DNA. Automated sequencing of PCR products was conducted on an ABI 3700 by standard methods (Foster City, CA). Primers used for PCR were also used for the sequencing (Supplemental Table 1 ). Forward and reverse sequences were analyzed and compared using DNAstar 3.0 (Madison, WI). The chromatograms were inspected visually whenever a nucleotide substitution was indicated.
Cloning
PCR products from NIH/Ola-S and SPRET/Out-R were TA-cloned or cloned using Clontech's In-Fusion HD cloning kit (Mountain View, CA). For TA cloning, a Promega pGL3 promoter vector (Madison, WI) was linearized at the promoter multiple cloning site using the restriction enzyme SmaI (New England Biolabs, Ipswich, MA). Thymine nucleotide overhangs were created using a modified protocol of Graham and Holton (1990) . PCR products were ligated to the modified vector via complementary A-T base pairing. Ligation products were transformed into Stellar competent cells according to manufacturer's recommended conditions (Clontech, Protocol PT5055-2). Plasmid DNA was purified using GeneJET plasmid miniprep kit (ThermoScientific, Waltham, MA). Plasmids were sequenced by Sanger Sequencing to verify the presence of the expected DNA inserts. Intron segments that were cloned into the pGL3 promoter empty vector by the InFusion method were PCR amplified from genomic DNA using primers specifically designed to recombine the product into the pGL3 promoter plasmid at sites flanking the SmaI site used for plasmid linearization. Recombined plasmids were transformed into Stellar competent cells in the same manner as TA-cloned plasmids. Clones that were positive for recombination of the intron fragment into the pGL3 promoter vector were detected using colony PCR. Plasmid DNA was isolated from colonies and sequence was confirmed by Sanger sequencing.
Site-directed mutagenesis
Site-directed mutagenesis was performed to introduce specific sequence substitutions using the QuikChange Lightning Site-Directed mutagenesis kit according to manufacturer's protocol (Agilent, Santa Clara, CA). Variants were confirmed by Sanger sequencing. The sequences being altered and primers for introducing or abolishing the putative NIH/Ola-S Gata3 and SPRET/Out-R Oct1 binding sites are listed in Supplemental Materials (Supplemental Table 2 ).
Cell culture and transfections
A5, a murine cutaneous spindle cell line derived from a DMBA/TPA-treated SPRET/Out-R 9 CBA F1 mouse carcinoma, and C5N, a non-tumorigenic murine keratinocyte cell line isolated from a Balb/C mouse, were obtained from Allan Balmain (Zoumpourlis et al. 2003) . These lines were chosen for study because they are of the relevant murine tissues to study candidates for Skts5 (keratinocyte or SCC derived). A5 was grown in Dulbecco's Modification of Eagle's Medium (DMEM) supplemented with 10 % fetal bovine serum and 1 % penicillin/streptomycin. Transient transfections were performed using Lipofectamine LTX and Plus reagents (Life Technologies, Carlsbad, CA) according to the manufacturer's protocol. Cells were plated in triplicate and transfected at 60-80 % confluency. Mock transfection and pGL3 promoter empty vector transfections were included as controls. For luciferase assays, cells were co-transfected with a Promega pRL-TK renilla reporter vector. To determine transfection efficiency, we performed co-transfection of constructs with a Clontech pEGFP-N1 vector and assessed for GFP-positive cells. Transfection efficiency was around 60 % for all cell lines and plasmids evaluated.
Luciferase assays
Cells were incubated at 37°C for 24-h post-transfection. Cell lysates were prepared using M-PER (Pierce Biotechnology, Rockford, IL) and 30 ll of each sample were used for analysis. Luciferase assays were completed as described (Skeeles et al. 2013) . Firefly and renilla luciferase measurements were acquired 24-h post-transfection using a Veritas Microplate Luminometer. Luciferase assays were done a minimum of three times with the exception of inserts that did not show differences which were repeated only once.
Quantitative PCR
RNA was harvested from transfected cells at 24 and 48-h posttransfection using a modified Ribozol protocol (Amresco, Solon, OH). One microgram of RNA from each sample was reversed transcribed using iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). Taqman probes for Hdac9 (Mm00458454), Twist1 (Mm00442036/Mm.PT.56a41778798), and Hprt (Mm00446968/Mm.PT.39l22214828) were purchased from Life Sciences Technologies or Integrated DNA Technologies. To measure expression of Hdac9 and Twist1, mRNA expression was measured at 24-h post-transfection of the pGL3-enhancer construct in A5 cells. Hprt was used as a normalization control to calculate the relative expression of each test gene using the delta Ct method. Standard deviations of fold differences of the test gene relative to the control were made by comparisons between different transfections. Experiments included no template and no reverse transcriptase controls for each gene. Each sample was measured in triplicate and each experiment was performed three times for genes showing differences in expression.
In silico transcription factor binding prediction
Multiple web-based prediction programs were used to predict transcription factor binding differences for Hdac9 intron 18 based on the DNA sequence variations between NIH/Ola-S and SPRET/Out-R. These include TF Search (http://www. cbrc.jp/research/db/) (Akiyama, 1995) , TRANSFAC Ò 7.0 Public 2005 database produced by BIOBASE (http://www. gene-regulation.com/cgi-bin/pub/databases/transfac/search. cgi) (Heinemeyer et al. 1999) , TFSiteScan Database (http:// www.ifti.org/cgi-bin/ifti/Tfsitescan.pl) (Ghosh 2000) , and DBD (www/transcriptionfactor.org) (Wilson et al. 2008) . TFSearch was the primary tool utilized, and the recommended threshold score of 85.0 was used as a cutoff of significance for predicted binding. Candidate transcription factors were prioritized for chromatin immunoprecipitation studies if they had high threshold scores for one strain but not the other and were predicted by multiple programs.
Chromatin immunoprecipitation (ChIP) studies
Chromatin immunoprecipitation (ChIP) studies were completed using a modified Millipore protocol (www.
Millipore.com). In brief, A5 and C5N cells used for transfection were grown to a count of 1 9 10 6 cells in a 10-cm dish. Cells were transfected with pGL3 promoter vector only, pGL3-NIH/Ola-S Insert 1, or pGL3-SPRET/ Out-R Insert 1 constructs. At 24-h post-transfection, cells were treated with a 1 % formaldehyde solution in supplemented DMEM (10 % FBS, 1 % penicillin/streptomycin) for 10 min at 37°C to crosslink DNA and proteins. Harvested cells were suspended in 500 ll of SDS lysis buffer (1 % SDS, 10 mM EDTA, 50 mM Tris-HCl, pH 8.1) and sonicated at 4°C using a Fisher Scientific Sonic Dismembrator Model 500 under the following conditions: 12 total cycles of 30 s sonication and 60 s rest at 40 % amplitude. Sonication resulted in sheared DNA of 200-400 bp in length as determined by gel electrophoresis. Samples were precleared of nonspecific proteins by incubating for 30 min. at 4°C in a 50 % Salmon Sperm DNA/ Protein A agarose slurry. Antibodies for ChIP targeted Oct1 (A301-716A, Bethyl Laboratories, Montgomery, TX) and Gata3 (sc-268, Santa Cruz Biotechnologies, Santa Cruz, CA). Antibody concentrations for ChIP were chosen based on manufacturer's recommended conditions for ChIP and were 0.2 lg/ll for Gata3 and 1 lg/ll for Oct1. Precleared crosslinked DNA/protein was incubated with Oct1 or Gata3 antibodies or controls (no antibody) for 16 h at 4°C in ChIP dilution buffer per Millipore recommended ChIP conditions (Darmstadt, Germany). Samples were washed using the Millipore ChIP protocol's recommended wash conditions and solutions. Crosslinked proteins were eluted from the DNA using elution buffer (1 % SDS, 0.1 M NaHCO 3 ) followed by reversal of crosslinks by treatment of supernatant with 5 M NaCl for 4 h at 65°C and removal of protein by Proteinase K treatment. Residual protein was removed by phenol/chloroform/isoamyl extraction and DNA was ethanol precipitated. DNA pellets were resuspended in 40 ll of dH 2 0. We performed both semiquantitative PCR and quantitative real-time PCR (qPCR). One ll of precipitated DNA for each condition and control step was used for semiquantitative PCR. Thermocycler parameters were as follows: 95°C for 10 min followed by 35 cycles of 94°C for 40 s, 56°C for 40 s, 72°C for 40 s, and a final extension step of 72°C for 10 min. Reactions contained 1 Unit Qiagen Taq polymerase, 250 lM dNTPs, 0.5 lM PCR Primers (Supplemental Material, Table 3 ), Q solution, and 1X Qiagen PCR buffer. PCR products were run on 1 % agarose gels, stained with ethidium bromide, and visualized using an Alpha Imager (Protein Simple, San Jose, CA). Semiquantitation of PCR products was performed using Alpha Imager software for pixel intensity. Pixel density for NIH/Ola-S and SPRET/Out-R plus Gata3 or Oct1 antibody lanes were compared to vector-only transfected cells, no antibody and/or GFP antibody controls. Reactions for qPCR contained 0.8 ll ChIP DNA or input DNA (for normalization), 1X SYBR Green Mastermix (Bio-rad) and 1 lM of each primer. Each sample was run in triplicate.
Statistical analysis
When more than two values were being compared, which was for the majority of experiments, a one-way ANOVA was utilized. Comparisons resulting in a p value corresponding to the F-statistic of the one-way ANOVA \0.05 were then assessed by a post hoc Tukey HSD test to determine which groups were significantly different from the others. For each comparison, a p value for the observed Q value was generated and used to determine significance.
Results
Identification of sequence variants between NIH/ Ola-S and SPRET/Out-R at Hdac9 intron 18
Skts5 is a susceptibility locus for chemically induced skin cancer that maps to mouse chromosome 12. From our studies in mouse and human samples, Hdac9 emerged as a potential candidate gene for skin tumor susceptibility at Skts5 (Mahler et al. 2008; Fleming et al. 2014) . To test whether strain-specific differences between NIH/Ola-S and SPRET/Out-R mice in the orthologous region of a predicted human HDAC9 enhancer impacted potential enhancer activity and could therefore be considered as a candidate for the skin tumor susceptibility mapping to Skts5, we first sequenced approximately 5000 bp of Hdac9 intron 18, corresponding to the described human HDAC9 enhancer, in NIH/Ola-S and SPRET/Out-R (Fig. 1) . Forty-five singlenucleotide polymorphisms or small indels were identified between the strains (Supplementary Table 4) . In previous studies, we identified no coding changes in the corresponding mouse Hdac9 exons 18 or 19 (Mahler et al. 2008 ).
Conservation of Hdac9 intron 18 across species
To assess conservation of this region across a more diverse group of species, we performed an nBlast analysis for the first 999 bp of mouse intron 18. Interestingly, the only species showing a high degree of homology ([80 %) were primate species (Fig. 1b and data not shown) . We then performed species-specific Blast using this region and identified strong homology for rat, dog, and other mammalian species (Fig. 1b and data not shown) . The only nonmammalian species showing homology was chicken (Gallus gallus), but only for the first 400 bp of intron 18. Sequence alignments for multiple species were done using Multiple Sequence Alignment (Clustal Omega) (http:// www.ebi.ac.uk/Tools/msa/).
As it appears from the literature that the region containing both mouse and human HDAC9 intron 18 shows evidence of enhancer activity (Birnbaum et al. 2012 ), we were curious if any of the polymorphisms between NIH/ Ola-S and SPRET/Out-R were present in humans. By nBlast analysis, the first 999 bp and last 959 bp of intron 18 are highly conserved (homologies of 87 and 89 % respectively) between mouse and human. In the first 1000 bp of human intron 18, there are 21 variants listed in dbSNP137; most of these are extremely rare. In comparison of these with the mice, none of the variants observed in the human were found to be different between the strains of mice and vice versa. We assessed this region in the UCSC genome browser and queried for functional relevance of the human variants by HaploReg3 (Broad Institute) to obtain in silico evidence that this region might be relevant to the skin or cancer. ENCODE results indicate H3K27ac histone modifications for cell lines H1-hESC, NT2-D1, and K562; several promoter marks for fat and skin were noted to be present throughout the region by HaploReg3, and several variants were noted to map to regions of ''weak enhancer'' activity. Multiple transcription factors including GATA2, GATA3, FOXP2, CEBP3, p300, and RAD21 were shown to bind to this locus by ChIP-seq analyses of other tissue types. The human in silico data, although not definitive because the exact tissues used for this study were not specifically analyzed, are supportive of this region being an enhancer.
Identification of segments showing enhancer activity
To determine if the Hdac9 intron 18 showed enhancer activity in mouse skin cell lines, we divided the intron into nine regions (inserts) of approximately 700 bp each (Fig. 1) . Polymorphisms between the strains were not distributed randomly across the intron as the distal portion contained no sequence differences. We cloned Inserts 1, 2, 3, 4, 3 ? 4, 5, 6, and 7 from both NIH/Ola-S and SPRET/ Out-R into a pGL3 promoter reporter vector (empty vector) and transfected them into C5N, a non-tumorigenic mouse keratinocyte cell line, and A5, a spindle SCC mouse cell line (Zoumpourlis et al. 2003) . Insert 7 was chosen as a control as this region did not contain any polymorphisms between the strains and were therefore not expected to show strain-specific differences. We were most interested in results for Insert 1 and Insert 2 as they contained 6 and 4 variations between the strains, respectively (Fig. 1) Fig. 2b ). As expected, Insert 7 showed no evidence of differences in enhancer activity between NIH/Ola-S and SPRET/Out-R or between Insert 7 and empty vector-only controls (Fig. 2a, b) . None of the additional Inserts (3, 4, 3 ? 4, 5 or 6) showed any differences in enhancer activity between the strains and vectoronly controls (Fig. 2a, b) . These results suggest that the proximal portion of Hdac9 intron 18, like the orthologous region at human HDAC9 intron 18, exhibits enhancer activity in vitro.
Hdac9 intronic enhancer upregulates Twist1 expression
To determine if the intronic regions of Hdac9 intron 18 influence expression of nearby genes, we performed qPCR studies of Hdac9 and Twist1 in A5 and C5N cells. At the time of initiating experiments, we did not know if the Hdac9 intronic sequence in the plasmid would be able to affect expression of an endogenous gene as it would be outside of its normal genomic position relative to the Twist1 promoter. However, the studies which originally identified the Hdac9 enhancer used transgenic zebrafish with sections of the human enhancer integrated into the zebrafish genome and were able to document enhancer activity (Birnbaum et al. 2012 ). Thus, we theorized that if this DNA was acting in some kind of looping mechanism to enhance expression of nearby genes it might retain enhancer activity without being dependent on a specific genomic location. Hdac9 was chosen for expression studies as some intronic enhancers have been found to affect expression of the genes in which they map (Su et al. 2013 ). Twist1 is a neighboring gene to Hdac9 and in previous studies showed similar expression patterning in transgenic mice with lacZ under control of the human Hdac9 enhancer (Birnbaum et al. 2012 ). Thus, Twist1 was a compelling gene to assess as a putative target.
Hdac9 was expressed at very low levels in A5 and was below detection limits in C5N cells. No consistent differences in Hdac9 expression were observed for transfections in A5 of either NIH/Ola-S or SPRET/Out-R Insert 1 constructs or Insert 7 constructs (Fig. 3a) . However, Twist1 showed an approximate 2.2-fold increase in expression for the NIH/Ola-S Insert 1 reporter relative to empty vector and SPRET/Out-R Insert 1 reporter transfections in A5 cells (p values 0.009 and 0.012, respectively; Fig. 3b ). There was a similar increase in Twist1 expression of 2.2-fold in A5 cells transfected with NIH/ Ola-S Insert 2 pGL3 plasmid DNA (p values 0.002 and 0.003, respectively, Fig. 3b ). C5N cells transfected with empty vector or Inserts 1, 2, and 7 had extremely low levels of Twist1 expression which was below reliable levels for quantitative comparisons (data not shown). As expected, for Insert 7, no increase in expression was seen for A5 cells transfected with the plasmid containing Insert 7 for NIH/Ola-S or SPRET/Out-R relative to mock-transfected cells (Fig. 3b ).
Oct1 and Gata3 show strain-specific binding to Hdac9 intron 18 insert 1
We utilized several in silico programs that predict transcription factor binding to determine which potential proteins might be involved in the differential enhancer activity observed between NIH/Ola-S and SPRET/Out-R. We first determined whether any of the sequence variants identified between NIH/Ola-S and SPRET/Out-R across the entire intron 18 were predicted to affect transcription factor binding using TFSearch as our primary search tool (Akiyama 1995) . Twelve transcription factor binding sites were predicted to be disrupted by a variant in NIH/Ola-S or SPRET/Out-R (Table 1) . Because variants in NIH/Ola-S Insert 1 resulted in the largest increase in luciferase expression over both empty vector and SPRET/Out-R, we specifically were interested in further analysis of the transcription factor binding sites in Insert 1 using different in silico programs. Six transcription factor binding sites for five different transcription factors were identified that preferentially bound to either NIH/Ola-S or SPRET/Out-R Insert 1 DNA for one or more prediction programs (Table 1) . These included Oct1, CdxA, Gata3, Gfi-1, and AP-1. Because six of the 12 variants predicted to disrupt/ introduce transcription factor binding sites mapped to Insert 1, we focused on this region in our subsequent studies.
As our luciferase data and Twist1 qPCR showed higher expression with ectopic NIH/Ola-S plasmid DNA relative to SPRET/Out-R, we postulated that the transcription factors binding to this region could either act to enhance expression, in the case of NIH/Ola-S, or potentially repress expression, in the case of SPRET/Out-R. We conducted a literature review of the five transcription factors predicted to differentially bind to variants between the strains in order to identify those that were described as transcriptional activators, repressors, or both. In addition, we assessed the literature to identify factors that correlated with Twist1 expression and/or those that have been reported to be active in the skin, skin cancer, or other cancers. Based on the literature review, two transcription factors of high-interest emerged: Gata3 and Oct1 (Kaufman et al. 2003 : Kurek et al. 2007 Shakya et al. 2011; Masse et al. 2014) . Depending on the context, Oct1 and Gata3 are associated with both transcriptional activation and repression in the skin (Kurek et al. 2007; Shakya et al. 2011; Masse et al. 2014) . Gata3 is a critical transcription factor for epidermal and hair follicle differentiation and is overexpressed in basal cell and squamous cell carcinomas (Kaufman et al. 2003; Riker et al. 2008; Masse et al. 2014) . Oct1 is expressed at high levels in normal keratinocytes of the epidermis and is also reported to be important in melanoma (Sturm et al. 1993; Jang et al. 2000) . Thus, Gata3 and Oct1 show evidence of being critical transcription factors in the skin and in skin-related cancers.
From our in silico transcription factor binding analyses, Oct1 is predicted to preferentially bind SPRET/Out-R Hdac9 intron 18 Insert 1 at two sites, and Gata3 is predicted to preferentially bind NIH/Ola-S at one site (Table 1 and data not shown). There is a second Gata3 site in Insert 1 which is not polymorphic between the strains and as such is predicted to bind both equally (Fig. 1b) . To determine whether Gata3 and Oct1 bound to NIH/Ola-S versus SPRET/Out-R Insert 1 as predicted, we performed ChIP studies in A5 and C5N cell lines comparing the binding of these to the ectopic plasmid DNA (Fig. 4; Supplementary  Fig. 1 ). To separate the two predicted Oct1 and Gata3 binding sites, Insert 1 was further divided into two regions Table 3 ). Quantitative ChIP for Oct1 in A5 cells showed that Oct1 preferentially bound SPRET/Out-R plasmid DNA approximately 1.7-fold higher for region 1 relative to NIH/Ola-S and vector only (p values 0.02 and 0.008, respectively; Fig. 4a ) and *1.7-fold higher for region 2 (p values 0.01 and 0.009, respectively, Fig. 4c . Gata3 bound both SPRET/Out-R plasmid DNAand NIH/Ola-S plasmid DNA at a similar level for Insert 1 region 1, which was not predicted to be different as there was not a polymorphism in the Gata3 binding site between the strains (Fig. 4b) . In Insert 1 region 2, Gata3 preferentially bound to the NIH/Ola-S plasmid DNA compared to SPRET/Out-R and vector-only DNA with approximately 1.5-fold higher binding (p values 0.01 and 0.001, respectively, Fig. 4d ). Very similar results were observed for C5N cells by semiquantitative PCR (Supplementary Fig. 1 ). These results are consistent with the luciferase data and in silico predictions and suggest that variants in the Insert 1 region of Hdac9 intron 18 affect transcription factor binding.
Variant effects on luciferase activity
To provide additional evidence that the variants predicted to bind Gata3 and Oct1 were influencing luciferase and Twist1 expression, we substituted the nucleotide observed in one strain for that of the other using site-directed mutagenesis of these sites in NIH/Ola-S and SPRET/Out-R Insert 1 containing plasmids. We expected that alteration of these sites (from NIH/Ola-S to SPRET/Out-R or SPRET/ Out-R to NIH/Ola-S sequence) would reverse the luciferase effects observed if the Gata3 and/or Oct1 binding sites in the vector DNA were impacting luciferase expression and/ or Twist1 expression. Alterations to the Gata3 site unique to NIH/Ola-S decreased both luciferase expression and Twist1 expression 1.3-fold from wild-type NIH/Ola-S plasmid DNA (p values 0.001 and 0.007, respectively; Fig. 5) . Alteration of the second Oct1 site in SPRET/Out-R increased luciferase and Twist1 expression 1.2-and 1.5-fold over wild-type SPRET/Out-R Insert 1, but this was not statistically significant (Fig. 5a, b) . These sequence substitutions did not fully rescue the expression as the altered NIH/Ola-S still showed higher luciferase (not statistically significant) and Twist1 expression relative to altered SPRET/Out-R (1.2 and 3-fold, respectively; p values 0.07 and 0.001, respectively; Fig. 5 ), suggesting that other variants within NIH/Ola-S Insert 1 may also contribute to the observed increase in luciferase and Twist1 expression.
Discussion
Our study shows that plasmid variants in the mouse orthologous locus to a human enhancer in HDAC9 impact Twist1 expression in vitro. Furthermore, we identified two transcription factors, Gata3, and Oct1, which differentially bind to variants present in skin cancer susceptible NIH/ Ola-S or skin cancer resistant SPRET/Out-R mice. Recent studies show that GWAS variants for complex disease are enriched in large evolutionarily conserved enhancer regions suggesting that variants in the long, conserved HDAC9/Hdac9 enhancer evaluated in this study may be at an increased likelihood to influence phenotypes (Parker et al. 2013) . Thus, variants in this enhancer may partly explain the skin cancer susceptibility differences between these mice. Fig. 3 Effects of Hdac9 inserts on Hdac9 and Twist1 expression. Hdac9 (a) and Twist1 (b) expression was measured by qPCR in A5 cells and was normalized to control gene Hprt. Expression is plotted as fold expression relative to mock-transfected A5 cells. Expression of mock (pale gray), pGL3 promoter vector (medium gray), SPRET/ Out-R insert DNA (black), andNIH/Ola-S insert DNA (dark gray) and transfected A5 cells are shown for Hdac9 intron 18 Inserts 1 and 7 for Hdac9 and 1, 2, and 7 for Twist1. Errors bars represent standard deviation. Experiments were done multiple times and each sample was run in triplicate. A representative experiment is shown. M mock, EV empty vector, S SPRET/Out-R and N, NIH/Ola-S insert DNA. One-way ANOVA analyses were conducted to determine significance across groups and a Tukey's HSD test was performed for groups showing significant differences. *p B 0.05; **p B 0.01; ***p B 0.001
The HDAC9 enhancer and TWIST1 expression
The first evidence that HDAC9 houses an enhancer that may affect TWIST1 expression came from a ChIP-seq study looking for enhancer marks that overlapped with exons in human cell lines and mouse developmental tissues (Birnbaum et al. 2012) . HDAC9 exons 18 and 19 were found to contain enhancer marks, yet HDAC9 was not expressed in the tissues used for the ChIP-seq studies. In vivo studies showed that the human HDAC9 exon18 through exon19 enhancer drove LacZ expression in the limb buds of E11.5 mice. Twist1 expression exhibited very similar patterning to the HDAC9 enhancer driving LacZ expression suggesting that this enhancer might affect neighboring Twist1 expression. Interestingly, the genomic distance and relationship of HDAC9 and TWIST1 to each other is conserved from fish through humans suggesting that the enhancer may be conserved across vertebrates (Birnbaum et al. 2012 ).
Further refinement of the human HDAC9 enhancer locus showed that exonic sequences plus neighboring intronic sequences augmented the enhancer expression (Birnbaum et al. 2012 ). As we did not have any sequence variants in the mouse equivalent exons to human exon 18 or 19, we focused on the intervening intronic regions for this study. Results from our study build upon the initial findings by Birnbaum et al. as we provide evidence that the NIH/Ola-S version of the Hdac9 intron 18 enhancer increases Twist1 expression more than the SPRET/Out-R version.
HDAC9 as a candidate gene/locus for skin cancer susceptibility HDAC9/Hdac9 is a class II histone deacetylase that represses gene transcription through deacetylation of histones H3 and H4 (Parra, 2015) . HDAC9/Hdac9 has been implicated in cardiac growth, T-regulatory cell function, cancer, and muscle differentiation and has been shown to be important in homologous recombination (Kotian et al. 2011; Parra 2015) . On its own merits, Hdac9 is a candidate gene for Skts5; it contains amino acid and expression differences between the strains of mice used for linkage (Mahler et al. 2008; Skeeles et al. 2013) ,. In human cutaneous SCCs (cSCC), we previously found that variants in HDAC9 show evidence of allele-specific gains in cSCC samples (Fleming et al. 2014) . GWAS studies for malepattern baldness have identified SNPs mapping near HDAC9 (Brockschmidt et al. 2011) . Thus, there is evidence that SNPs mapping in or near HDAC9 have a role in hair follicle biology and multiple types of cancer. At this time, it is unknown whether the main effect of these variants is on HDAC9 expression or function or if they are in linkage disequilibrium with enhancer variants and their primary effects are on TWIST1 regulation. It is possible that there is a combinatorial effect of SNPs impacting HDAC9 expression and/or function as well as the HDAC9 associated-enhancer leading to increased TWIST1 expression in skin cancer. Future studies will be important to see if the SNPs associated with skin or lung cancer or male-pattern baldness are in linkage disequilibrium with variants in the HDAC9 enhancer element.
Transcription regulation of TWIST1
Multiple transcriptional activators and repressor of TWIST1 in tumors have been identified (Qin et al. 2012; HwangVerslues et al. 2013) . OCT1 was recently identified as a negative regulator of TWIST1 expression, but only in the presence of PER2 in a hypoxic state. Hwang-Verslues et al. (2013) showed evidence that a PER2 transcription repressor complex consisting of EZH2, SUZ12, and HDAC2 bound to OCT1 at five described POU2F1 binding sites in the TWIST1 promoter. It is unknown whether Per2 binds to Oct1 at the mouse Hdac9 intron 18 enhancer locus to facilitate repression of Twist1 or if there is looping involved between Hdac9 intron 18 and the Oct1 binding sites in the proximal Twist1 promoter. Our study suggests that distal enhancers play a part in regulation of Twist1 in cell lines derived from keratinocytes and cSCCs. Future studies will evaluate the role of Per2 and hypoxia in this process.
Study limitations
There are limitations to this study. First, we only assessed genes nearby to the Hdac9 enhancer for expression differences. As we only measured expression of two of over 65 genes within the peak locus for Skts5 (Mahler et al., 2008) , it is possible that this enhancer may modify additional genes at Skts5 or elsewhere in the genome which could be critical in understanding its impact on skin tumor susceptibility. Chromosome conformation capture (3C) or circularized chromosome conformation capture (4C) studies could be used in the future to determine if this enhancer affects additional genes or functions in other tissue types which would be important for understanding functional implications of variants at this locus. We do not know if the Hdac9 enhancer behaves similarly in vivo as it does in vitro. The Twist1 expression studies were done using a plasmid containing intron 18 DNA outside of its normal genomic context which may act differently than when it is in its typical genomic context. To do studies using this entire region in vitro would be difficult as we would need to include at least 270 kb of sequence to include the Hdac9 intron 18 through the promoter region of Twist1. In vitro or in vivo genomic editing of the specific sites by CRISPRcas9 or other techniques could confirm these findings. The variants we identified in Hdac9 intron 18 that affect Gata3 and Oct1 binding are important candidate variants for skin tumor susceptibility associated with this locus. However, this study does not rule out the possibility that other genes or regulatory regions in Skts5 may impact skin cancer susceptibility alone or in combination with these variants.
In conclusion, we identified sequence variants in a possible enhancer of the Twist1 gene between SPRET/Out-R and NIH/Ola-S that impact luciferase expression, Twist1 expression, and Oct1 and Gata3 binding in vitro As Hdac9 and Twist1 map to Skts5, a locus for susceptibility to chemically induced skin cancer, these are strong candidates for Skts5. Future studies are essential to determine if this enhancer affects expression of other genes and if differential Twist1 expression, due to these variants, leads to increased susceptibility to chemically induced skin tumors in mice. This work provides an example of variants in a regulatory region that may influence cancer susceptibility.
